INTRODUCTION
In this paper, we present a systematic method to combine wind tunnel (WT) modeling with an atmospheric, multi-scale numerical model to create a powerful hybrid tool to evaluate wind power in complex terrain. Field site measurements and comprehensive atmospheric observations, while indispensable for model validation and wind power assessment, are nevertheless limited by expense, time, and scale. Critically, the vast variability of nature and its myriad of interactive parameters (weather systems, terrain and surface features, solar insolation, thermal stratification, Coriolis forces, etc.) create a formidable impediment to the effective comparison of numerical modeling output to field data. The same difficulty arises when comparing the field to the wind tunnel. Hence, ultimate validation is a tricky, elusive process. For example, uncertainties and seasonal variations in surface roughness produce equal uncertainty and variation in wind speeds, particularly in the atmospheric surface layer where wind turbines are located.
We demonstrate how the hybrid wind-tunnel/numerical tool yields useful modes of calibration and synergism that would be unattainable otherwise, and complements field measurements, surmounting many of their limitations. Investigators have looked to physical scale modeling in wind tunnels to address flow over complex terrain for a host of issues, including wind power assessment, e.g., [1, 2, 3] . Many of the wind tunnel studies have been either directly or indirectly compared to full-scale measurements. Numerical models have been employed similarly for complex terrain, e.g., [4, 5] . Some studies have combined numerical models with the wind tunnel or field measurements, e.g., [6, 7, 8, 9 ]. It appears, however, that most combined studies have not taken optimum advantage of an interactive, hybrid approach.
Wind power site evaluation in complex, 3-D terrain is a particularly daunting task due to multiple, sequential incidences of flow separation and reattachment induced by series of peaks and valleys that fall along a basic flow trajectory. A primary strength of the wind tunnel lies in its ability to accurately address categories of flow separation produced by extreme terrain geometries (e.g. steep escarpments and cliffs). Current numerical models can simulate separation and reattachment up to a limiting point of geometric complexity.
Our study centered on complex terrain in two categories: 1) irregular 3-D terrain with slopes ranging to magnitudes of 50°, with valleys and peaks where slopes change suddenly from a large positive value (e.g., 50°) to a negative value of equal magnitude, and 2) 2-D steep escarpments and cliffs. We have future plans to compare both the wind tunnel and numerical model to field measurements taken at a wind power site in rugged terrain.
We were able to refine our atmospheric numerical model to yield better performance over comparable numerical models when simulating flow separation over complex terrain. Thus, the numerical model now allows for a significantly broader range of terrain character. With ongoing development, the model will be increasingly able to operate as a stand-alone tool in certain cases. However, the wind tunnel remains the superior instrument in the most extreme terrain cases. On the other hand, the wind tunnel cannot address well, or at all, the critical geophysical processes of thermal stratification and the effects of Earth's rotation (i.e. the Coriolis force). That is where an atmospheric numerical model can excel. Also, by way of feedback, parametric simulations with the improved numerical model provided insights into how the wind tunnel studies can be improved with respect to experimental design, measurement techniques, details of surface features in scale models, and the elucidation of flow regimes.
When Coriolis forces and thermal stratification are important, the numerical model becomes the primary tool, but still must be augmented by wind tunnel efforts in the most extreme terrain cases. Another important use of the wind tunnel was to help refine the simulation and assessment of subgrid scale turbulence in the numerical model. A preliminary process of scaling and calibration was initiated for this vital task.
DESCRIPTION OF TOOLS

Boundary-Layer Wind Tunnels
Our efforts entail the use of laboratory wind tunnels that are capable of simulating, in a scaled manner, thermally neutral flow in the atmospheric boundary layer. The profound advantage of the laboratory is its controlled, reproducible environment that allows one to ferret through the individual effects of specific parameters and their variations. For example, we can precisely govern the shape of an approaching mean wind profile and its associated, height-dependent turbulent intensity and integral scales to correspond to an environment that is either open country, sparsely vegetated, forested, suburban, or urban, and any gradation in between, for a given study. Likewise, we can introduce scale terrain models of arbitrary geometric complexity, with independently chosen surface roughness of arbitrary magnitude and inhomogeneity.
Boundary layer wind tunnels have a long, enduring history in various wind engineering applications, and, continuously over the years, have undergone rigorous, comprehensive validation against field data [10, 11, 12] . Practical applications of wind tunnels include assessing a range of wind-induced effects related to frame and cladding loads on high-rise and low-rise buildings; stack exhaust and pollutant dispersion that may impinge on building intake systems or the general surroundings; pedestrian wind environments; snow and sand drifting; and flow over complex terrain that may transport fog over roadways or compromise safety at nearby airports. Not to be forgotten is the effectiveness of wind tunnels for wind power site assessment in complex terrain and the study of wind turbine performance. In the current study, the wind tunnel is enlisted to help refine and validate an atmospheric numerical model for wind power site assessment in complex terrain. Fig. 1 shows a pictorial of the open circuit and closed-circuit boundary-layer wind tunnels used in this study. Each tunnel provided special advantages and a basis for useful cross comparison in the study. The atmospheric model we employ is the Advanced Regional Prediction System (ARPS), developed at the Center for the Analysis and Prediction of Storms (CAPS) at the University of Oklahoma [13] . ARPS is a comprehensive, multi-scale model, originally developed for the meso-scale, particularly to forecast severe storms. It can simulate synoptic scale forcing and all intermediate scales down to the micro-scale through a process of grid nesting as depicted in Fig. 3 . ARPS has been validated by direct comparison to atmospheric observations and through evaluation against analytic solutions for a scope of atmospheric phenomena that include severe convective storms, density flows, wind storms associated with mountain lee waves, and a host of related atmospheric processes which include Coriolis forces and thermal stratification [14, 15] . ARPS remains under constant development and refinement at CAPS. Recent activities dealt with modifications to the soil model to improve the surface physics, something of keen importance in accurately simulating the atmospheric surface layer, neighboring flows, and general forcing of the atmosphere.
Our efforts with ARPS entailed further developments and refinements that were enabled by synergistic applications with the wind tunnel.
REFINEMENT OF NUMERICAL MODEL
Overview
Through a systematic set of wind tunnel tests and comparative ARPS simulations we were guided to improvements in the numerical code to better treat wind effects in the atmospheric surface layer, the realm of the wind engineer and of wind power applications. Particular regard was given to the accurate representation of flow separation and reattachment produced by terrain features and influenced by surface roughness. ARPS has been enhanced to a significant level, but does require further refinement. 
Continental Scale
Meso-and Micro-Scales We have added three fundamental refinements to the physics of the ARPS model, as well as a series of other modifications suited to wind engineering pursuits:
1) The ARPS model, and several comparable models in common usage, employ a non-orthogonal terrainfollowing coordinate system that is known to produce false horizontal pressure gradients in steep terrain. This can lead to false circulations. We modified specific algorithms in the contravariant coordinate system with a customized bilinear interpolation scheme to minimize false pressure gradients.
2) A second modification was to enhance the surface boundary condition for pressure to accommodate the dynamic influence of terrain. The currently released version of ARPS, similar to comparable models, is nonhydrostatic but considers the surface boundary to be hydrostatic, even in complex terrain. Because the vertical equation of motion is not used to compute the vertical component of velocity at the surface, the equation can be utilized to compute the vertical derivative of surface pressure, yielding a full dynamic representation.
3) A third modification was to add algorithms to identify grid points in the numerical solution where flow separation occurs, and adjust certain advective terms at those points of flow convergence (i.e. separation) where numerical derivatives can lose significant accuracy.
We based the preceding modifications to the ARPS code on physical processes and reasoning. In general, we attempt to minimize the use of empirical "tweaks" that may lack generality. Empiricism can play a crucial role in modeling, however, so whenever incorporating any necessary empirical adjustments in a given context, we strive for generality rather than problem-specific fixes.
COMPARISONS BETWEEN ARPS AND THE WIND TUNNEL
Summary
For comparative purposes we scaled the wind tunnel data to match the full-scale simulations of ARPS. Grid spacing in ARPS was 250 meters in the horizontal directions. To insure good spatial resolution near the surface, vertical grid spacing ranged from 10 meters at the surface to 500 meters in the upper atmosphere through a process of grid stretching. The discrete domain dimensions of ARPS were 62 x 62 x 35.
For our current study, we did not establish a precise uniformity of surface roughness in the WT terrain model, or determine a value for the surface drag coefficient, cdm, in our comparisons to ARPS simulations. Our investigation was limited to comparing parametric variations of cdm with ARPS to the "terraced" WT model (see "terraced" construction of the physical model in Fig. 2 ). Additionally, we explored differences in the WT between wind profiles for "terraced" versus "smoothed" terrain as elaborated subsequently.
ARPS was initialized by matching the approach flow of the wind tunnel, which had an approximate power law profile of 0.13, corresponding to an open-country fetch upwind with neutral thermal stability. One flow direction was studied, a southerly wind that approached from the ocean, crossed the terrain, and impinged on the Tung Chung site.
The Route To Validation
The process of validating an engineering tool such as a numerical model (or wind tunnel, for that matter) can be misunderstood and treacherous, particularly in the context of the multivariate environment of nature. It is difficult to sort through the vast number of interactive parameters, assess the impact of their variations, and examine their influences on other parameters in order to achieve a reasonable, effective level of validation. If not careful, one can get either agreement or disagreement for the wrong reasons. So, ideally the process must start on a simple, controlled basis. Therein lies the power of the synergism between ARPS and the wind tunnel.
The wind tunnel simulations are controlled, reproducible, and based on a simple, steady state turbulent inflow with neutral thermal conditions. The terrain model, however, produces a highly complex, kinematic lower boundary condition, a facet of utmost importance to our goal of validating ARPS' ability to accurately model turbulent flow over complex terrain.
In our study, we made comparisons in wind flow between the WT and ARPS at locations along a trajectory that included two peaks and a valley. Because flow separation at a peak significantly influences downstream flow, it is essential to make comparisons at locations in addition to those where flow speedup will be a maximum to ensure the validity of the ARPS simulations.
A defensible assumption is that a neutral flow comparison utilizing the WT represents a key component in validating the ARPS numerical model, particularly with respect to near-surface wind flows generated by complex terrain. As previously cited, ARPS has already been compared and reasonably validated against observational data for a range of atmospheric phenomena (including mountain flows) where thermal stratification and Coriolis forces are at play. The power of the wind tunnel allowed us to explore flow over complex terrain in greater detail and refine the ARPS code for complex terrain scenarios. The premise is that the embodied physics in the ARPS code that deals with thermal and rotational effects is validated sufficiently to allow us to discount possible limitations that may be associated with our neutral flow study with the WT. We recognize, however, the crucial need for comparisons to field measurements as a final step in the validation process, and have planned for that activity. However, we emphasize that any comparative study between ARPS (or any numerical model) and the field is replete with complex issues that may be difficult to resolve.
Influence of Surface Roughness on Wind Power
As mentioned, nature is highly variable in time and space. Surface roughness, z o , is one parameter that can change drastically over distance and between seasons and has profound influence on wind behavior. Fig. 4 shows the impact of z o on wind power (proportional to the cube of wind speed) as a function of height above ground level for a range of values. We chose z o values in the range 0.01-0.05m, corresponding to categories of open terrain typical for wind power. We also look at z o = 0.1, the low end of roughness for a suburban category. All values were compared to z o = 0.03 as a basis. A standard log profile is assumed for wind speed. For errors in determining z o , we see a potential range in error between -14% and 25% in predicted wind power at 10 meters above the ground for the open terrain category. At 100 meters, the potential error diminishes to the range between approximately -5% and 9%. Including the suburban value of z o = 0.1 in the analysis, the potential error range extends to -30% and -15% for elevations of 10 meters and 100 meters, respectively.
It is difficult to quantify a precise value for z o in the field at a specific location, let alone its spatial variation for upwind fetches that influence overall flow characteristics. If surface roughness changes with season as vegetation either grows or changes by various processes, the task of identifying proper values for z o becomes increasingly convoluted. The consequences on wind power assessment are profound for turbines near the surface and not insignificant for larger scale devices with higher hub heights.
In the wind tunnel we can control surface roughness, but this is far more difficult in the field. All field experiments face a more arduous task in dealing with parameter estimation and control.
Complex Terrain of Lantau Island
The chosen site for study was Lantau Island in Hong Kong. The island is representative of quite complex, 3-D terrain of slopes ranging to 50º, with several peaks, valleys, and sudden breaks in slope. This is apparent in Fig. 5 , which shows the physical 1:4000 scale model used in the wind tunnel simulations, and Fig. 6 , which displays the digital elevation model of Lantau Island used in the ARPS simulations. There are approximately five major peaks on the island, the highest at 934 meters, and several lesser peaks. Several deep valleys are interspersed between the peaks. The area of the island studied comprised a domain of approximately 15 km by 15 km.
In Fig. 5 we see both "terraced" and "smooth" sections of the model. Initially, we ran the WT with a completely "terraced" physical model, followed by runs in which we smoothed a selected portion of the modeled terrain. We made measurements along a crosssection of the terrain that traversed two peaks and an intervening valley. Details on the comparative surface roughness study will be elucidated. It is important to explain that wind speed measurements taken in the wind tunnel were done with a verticallymounted hot-film. Thus, flow from all horizontal directions can be measured but registers solely as a positive quantity. A horizontally mounted hot-film would not be able to capture wind directions beyond a limiting angle relative to its main axis. This is critical where flow recirculation occurs such as at Locations 2-6 in the Lantau Island terrain. To compare ARPS to the wind tunnel, it was necessary to mimic the effect of the vertically mounted hot-film in the analysis of the ARPS data outputs.
We have performed preliminary testing with a 5-hole flow measurement probe that is capable of discerning wind components for a fairly wide range of angles. We used this probe to explore turbulence characteristics in the primary orthogonal coordinate directions. However, the 5-hole probe cannot measure reverse flows, so recirculation regions are not measured correctly. In time, we will be incorporating a more extensive multi- 6 and 8 to identify terrain locations corresponding to various vertical wind profiles that were either computed by ARPS or measured in the tunnel. In these comparisons, the scale model was completely of "terraced" construction. The model was later "smoothed" on its central portion (see Fig. 5 ) for a comparative study in the wind tunnel between it and the "terraced" version Fig. 7 shows that at Location 1 there is close agreement between the WT and the improved ARPS model for all values of cdm, with larger wind speeds near the ground for lower surface drag, as would be expected. At the top of the peak, Location 2, there is a much larger difference in wind profiles between surface drag categories. Also, the WT profile has a nearly vertical profile shape at heights above 50 meters compared to the ARPS cases, as clearly seen in the expanded vertical view provided in the figure. Subsequent analysis for Location 2 shows that the terracing in the physical model may cause the vertical profile shape, because the velocity profile for the "smoothed" terrain does not have the same vertical character. Terracing in the scale model creates both forward facing and backward facing steps, depending on flow direction, hence introduces an anisotropy in surface roughness. At the 1:4000 model scale (see Fig. 2 ), each terrace step corresponds to about 12 vertical meters in the full scale, which leads to small-scale, locally generated turbulence potentially unrepresentative of local flow behavior in the full scale. Fig. 9 shows comparisons between the wind tunnel and the improved ARPS at the Tung Chung site downwind of the Lantau Island terrain. Here there is a more marked variation in wind profiles for the various surface drag values. The profound effect of surface roughness is apparent. At cdm=0.01, there is good agreement between ARPS and the wind tunnel, but there are discrepancies near the ground and above 500 meters. It is not fully clear what are the precise causes of discrepancy between ARPS and the WT, given that a number of factors are at play. Location 7 is in the lee of the mountains, so the flow there has already experienced a series of flow separations and reattachments, which produces significant turbulence. 
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As previously mentioned, how separation occurs upstream can have a major influence on downwind wind profiles. Looking at Fig. 9 for cdm=0.01 suggests that ARPS is handling separation reasonably well upstream. As regards discrepancies in wind speed near the ground, the effective roughness in the WT scale model at the Tung Chung site, which is downwind of the "terraced" terrain, may be lower than the value cdm=0.01 in ARPS. The surface roughness is not uniform in the wind tunnel, especially for the "terraced" scale model. But it may be that the sub-grid scale turbulence parameterization in ARPS needs refinement near the surface, as well. For example, Iizuka and Kondo [9] claimed that enhancements to turbulence closure models near the surface can lead to better accuracy in simulating flow separation over complex terrain. Fig. 10 displays the comparisons between the wind tunnel and various levels of improvement to the ARPS model. Clearly, the improvements, which are all physically based, make a difference. The most dramatic 
COMPARISON IN THE WIND TUNNEL BETWEEN THE "TERRACED" AND "SMOOTH" SCALE MODELS
Comparison between the "terraced" and "smooth" scale models revealed invaluable information on the effects of surface roughness on mean velocity profiles and turbulence. As previously mentioned, the terracing creates an anisotropic surface roughness that produces local, small-scale turbulence that may not correspond to local environments in a given full scale scenario. However, the terracing also induces a net larger scale effect by virtue of how it triggers separation at peaks in complex terrain. Fig. 11 compares the "terraced" and "smooth" scale model runs in the wind tunnel. The approach flow (not shown) is identical in both cases, with a power law of 0.13. At Location 1, the wind profile for the "smoothed" terrain deviates little from the "terraced" terrain case. At the first peak, Location 2, the "smoothed" terrain yields a faster flow at all levels of the profile, with an observable velocity jet near the surface. At Location 3, which is on the down hill slope to the lee of the peak, there is a more marked difference in the wind profiles for the two terrain types. Most likely, the difference reflects a change in exactly where and how flow separation occurs due to the difference in surface characteristics between the two cases. Flow separation off a peak or edge of a bluff body creates a detached shear layer whose character depends strongly on the separation location. Wakes change accordingly in their overall form and general nature. The wind profiles at Location 4, at the bottom of the valley, show virtually no distinction because recirculation flow in the enveloping separation bubble is only weakly coupled to the surface roughness.
It is harder to understand the details of why the "terraced" model yields a faster wind profile at Location 5, which is half way up the slope to the next peak in the terrain, Location 6. At that peak, the smoother terrain again produces a faster wind profile. At the Tung Chung site, Location 7, the wind profiles for the two terrain cases merge to display little difference, with a slightly faster wind profile for the smoother case. Thus, by the time the wind leaves the mountainous area, crosses a short, smooth fetch, and reaches the Tung Chung site, the effects of differences in terrain roughness tend to vanish. This may be a generally applicable conclusion, but may depend on details that have not been elucidated in this study.
Fig. 10. Comparisons between the wind-tunnel and four levels of improvement for the ARPS numerical model. The surface drag coefficient, cdm, is equal to 0.01 in the numerical model for all cases. Corresponding improvements are as follows: Case 1, no improvements; Case 2, addition of a dynamic representation for surface pressure, and a bilinear interpolation scheme to minimize false horizontal pressure gradients introduced by the terrain-following
A final point about flow separation is in order. The peak corresponding to Location 2 in the Lantau terrain produces a separation bubble that sometimes totally encompasses the downwind valley and the next, but smaller, peak denoted as Location 6. The bubble frequently collapses and separation and reattachment occur over and over again (see Fig.2.) . Our flow visualization videos (not shown) illustrated the process well. Lee et al [8] also explored wake phenomena in complex terrain with multiple peaks both experimentally and numerically. However their study was limited to uniform flow and a highly smooth terrain surface.
TURBULENCE MODELING
In performing wind tunnel tests or numerical simulations of flow over complex terrain, it is critical to address the relevant components of the integral scales of turbulence found in the atmosphere. There is a certain turbulent structure that approaches the terrain, which is modified to various degrees by the terrain itself as the flow travels over it. Often, there may be more turbulence generated by the terrain than what is contained in the approaching flow, depending on the upwind forcing mechanisms. There are various techniques in wind tunnel studies to generate the right turbulent content in an approach flow: spires, boundary layer trips, surface obstacles of various scales upstream of the study area, etc. In numerical models, there is no completely analogous counterpart, but techniques that have been tried to varying extents include initializing the turbulence by running the model with periodic boundary conditions for a spin-up period of time to establish a background value. The numerical model also faces the task of addressing turbulence on both the resolvable scales and sub-grid scales. We are currently developing our own techniques to introduce proper scales and intensity of inflow turbulence to our numerical model.
In our current study, the wind tunnel simulations over Lantau Island suggested that the turbulence generated by the terrain may be as important, or more so, than the turbulence in the approaching flow. In two separate wind tunnel cases, we introduced a given level of upstream turbulence (expressed as an rms quantity), followed by a run at triple the value. At every location in the terrain, we discerned no significant difference in the resultant mean velocity profiles. Additionally, the turbulence tended to converge to the same levels within the terrain and at the Tung Chung site for the two cases.
Thus, we proceeded with impunity in our numerical efforts and introduced no upwind turbulence as a first phase of study. The ARPS model does begin to generate both resolvable and sub-grid-scale turbulence on the windward slopes of the terrain, but those quantities grow much larger in magnitude on the leeward side, consistent with expectations. In fact, the numerically generated turbulence begins to equal that generated by the wind tunnel once the first peak is breached and flow separation occurs. However, we speculate that because the numerical model contains too little turbulence at large eddy scales on the windward slopes, the character of separation at the peak will tend not to fully match the wind tunnel results. More research is needed to understand and resolve this issue.
SUB-GRID SCALE TURBULENCE
In wind energy assessment, it is important to quantify the turbulence as well as the mean wind. Turbulence is inherently 3-D, and quantifying the three principle components is essential for gust analysis. The total turbulence is the addition of resolvable and sub-grid scale quantities. However, ARPS employs a closure model based on turbulent kinetic energy, TKE =
, to represent sub-gird scale turbulence, so does not compute the individual turbulent velocity components. The preliminary velocity measurements made with the 5-hole probe provide us with a basis to estimate the relative magnitudes of the three turbulent components, expressed as ratios to the primary component (e.g., ). We can then extract the necessary information from the TKE values generated by the ARPS model by using our estimated turbulent component ratios. This process is still under development and is not yet ready for application.
ESCARPMENT STUDY IN WIND_TUNNEL
Extreme terrain presents a formidable challenge in the assessment of wind power sites. Examples include steep escarpments and cliffs. To explore the extreme terrain issue, we tested a 1:4000 scale model of an escarpment with windward slope angles of 30º, 60º, and 90º, where the latter case technically represents a cliff. The escarpment is depicted in Fig. 12 Comprehensive assessment of flow over escarpments is presented in Bowen and Lindley [16] and summarized in Cook [17] . For slope angles below 17º, no flow separation occurs, and speedup at the crest is an uncomplicated matter. For angles greater than 17º, separation occurs over crests and on windward faces, with increasing sizes of separation bubbles in both vertical and longitudinal extent as a function of increasing slope. Assessing speedup becomes a more difficult issue.
In our study, contrary to initial speculation, there is a significant difference between the 60º and 90º escarpment cases, primarily in mean wind profiles. Flow visualization performed prior to the velocity measurements suggested that the cases might be more similar. It is estimated that ARPS can be refined to simulate an escarpment with a 60º slope, so it was hoped that ARPS could then, in effect, simulate the 90º case directly by similarity. However, Fig. 13 shows a significant difference in mean profiles between the two cases for Locations 2-5. As the downwind distance decreases, differences in mean profiles decrease, as evident at Locations 6 and 7. Interestingly, the rms values are quite close at Locations 4-7, and are of comparable magnitude at Locations 2 and 3, but the 90º case displays an upward displacement effect. Specifically, the peak rms value is displaced upwards by about 20 to 30 meters in going from a 60º to 90º slope. The same displacement effect is noted in the mean velocity, as well. Differences between the 60º and 90º escarpments are most dramatic at Location 2, where at 60 meters above the surface the mean velocities are 4.8 m/s and 9.3 m/s for the 90º and 60º cases, respectively. This is nearly a factor of two, which translates to a factor of eight in wind power. At Location 3, the differences in mean wind speeds between the two cases for the same height is much less at 4.2 m/s and 6 m/s, respectively. Enticingly, results at Location 1 differ only at the lowest height in both mean and rms values. However, the "knife edge" of an escarpment or cliff is fraught with uncertainty in terms of the mean wind speed and turbulence at the lowest elevations above the surface.
At locations 1-5 the 30º escarpment yields noticeably different mean velocity and turbulent profiles compared to the other two slopes, particularly at elevations in the lowest 100 meters above the ground. Beginning with location 6, the disparity between all three cases of slope decreases as downwind distance increases. Clearly, the 30º slope, which produces a smaller separation bubble compared to steeper slopes, presents the best advantage for wind power, benefiting the most from terraininduced speedup effects. The 60º and 90º escarpments suffer from various degrees of flow separation, which reduces mean wind speeds and creates greater turbulence, a potential problem with respect to structural buffeting of wind turbines. Furthermore, the steeper slopes create a larger vertical wind shear in the vicinity of the leading edge, which can be troublesome at various hub heights in terms of asymmetrical loading on the turbines.
There are operating wind turbines within the United States that have been placed close to the leading edge of escarpments and, as a consequence, have suffered from reduced mean winds, strong shear, and destructive turbulence. This study suggests that for steep escarpments that induce flow separation (a slope of greater than 17º), it would be important to do a comprehensive site assessment to determine how far from the edge wind turbines should be placed. Such an assessment could entail field measurements, wind tunnel testing, and numerical simulation, or a combination of all three methods.
In the final analysis, prudence dictates that the wind tunnel is the tool of choice for analyzing all escarpment slopes exceeding 60º. However, based on the observed displacement effect with increasing slope, it seems mean wind rms 14 possible that the wind tunnel can be used to derive an empirical basis to adjust numerical simulations at a 60º slope to a 90º equivalent.
SUMMARY AND CONCLUSIONS
The combined use of the wind tunnel and the ARPS numerical model represents a powerful hybrid tool for wind power site assessment in complex terrain. The wind tunnel provides a laboratory based, controlled environment with which to refine the ARPS model and validate its accuracy in thermally neutral stability. With continued development, the ARPS model will be increasingly capable of operating as a stand-alone tool for all but the most extreme terrain, and will serve to analyze thermally stratified flows and cases where Coriolis forces are important. It will also be used to perform parametric analysis to guide activities done in the wind tunnel. The wind tunnel will be used to assess wind power sites in extreme terrain such as steep escarpments and cliffs and continue to guide the further development of ARPS. Future efforts will entail field measurements for validation and expansion of the hybrid tool for wind forecasting.
